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Abstract 
 
We present various planar magnetic designs that create points above the plane 
where the magnitude of the static magnetic field is a local minimum. Structures with 
these properties are of interest in the disciplines of neutral atom confinement, magnetic 
levitation, and magnetic resonance imaging. Each planar permanent magnet design is 
accompanied by the equivalent planar single non-crossing conductor design. Presented 
designs fall into three categories producing: a) zero value magnetic field magnitude point 
minima, b) non-zero magnetic field magnitude point minima requiring external bias 
magnetic field, and c) self-biased non-zero magnetic field magnitude point minima. We 
also introduce the Principle of Amperean Current Doubling in planar perpendicularly 
magnetized thin films that can be used to improve the performance of each permanent 
magnet design we present. Single conductor current-carrying designs are suitable for 
single layer lithographic fabrication, as we experimentally demonstrate. Finally, we 
present the case that nanometer scale recording of perpendicular anisotropy thin magnetic 
films using presently available data storage technology can provide the ultimate 
miniaturization of the presented designs. 
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Introduction 
It has been well recognized that Maxwell’s equations place interesting restrictions 
on the properties of magneto-static fields in free space. For example, the magnitudes of 
individual components of the magnetic field vector cannot have a local minimum or 
maximum in free space. Additionally, the magnitude of the magnetic field,B, cannot 
have a local maximum, but can interestingly have a local minimum in free space and that 
minimum can have a non-zero value. These properties and their consequences have been 
studied for a long time [1,2] and have received much attention in numerous scientific 
disciplines such as plasma confinement [3,4], neutral particle trapping [5-12], 
diamagnetic levitation [13-20], and magnetic resonance imaging [21,22]. Of particular 
interest to us are microscopic planar structures in the form of non-crossing current-
carrying conductors or thin film permanent magnet materials. As such, they would 
achieve the ultimate miniaturization of the magnetic field magnitude minima regions in 
free space. In turn, this would provide the tightest confinement potentials for neutral 
atoms in atom chip applications [9], as well as create the smallest focus region of a 
magnetic resonance ‘lens’ for potentially atomic resolution imaging performance [22].  
We present both planar permanent magnet and planar current carrying conductor 
designs. Permanent magnet designs have the advantage that, when miniaturized, they 
produce higher fields than an electromagnet and can be scaled down to any size without 
any loss in field strength [23]. Miniaturized permanent magnets also provide larger 
magnetic field gradients and curvatures than their current-carrying conductor 
counterparts, require no outside power supply and no interconnecting leads, and finally, 
generate no heat and require no heat dissipation. We utilize Ampere’s Principle of 
Equivalence between the magnetization distribution and current loops [24] in 
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constructing current carrying structures equivalent to their magnetic counterparts. 
Current-carrying conductor designs might be useful when tuning of the magnetic fields is 
desired. We restrict our current carrying structures to planar single non-crossing 
conductor designs in order to minimize the complexity of electrical connections to the 
structure, as well as make them suitable for standard single layer lithographic fabrication. 
We restrict our permanent magnet designs to planar perpendicularly magnetized thin 
films in order to make our structures realizable in presently available perpendicular 
anisotropy magnetic thin films.  
We model the magnetic fields above thin perpendicular anisotropy magnetic films 
of 10nm thickness and uniform magnetization M of µ0M=2(Tesla) directed along the z-
axis. Therefore, the uniform positive magnetic pseudo-surface-charge density of n·M is 
on the top surface of the thin film, where n is the outward normal of the magnet, and the 
corresponding negative pseudo-surface-charge density is on the bottom surface of the 
thin film. We numerically compute first the scalar potential φ(r) and then the magnetic 
field B(r) at a position r above the plane: 
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where µ0 is the permeability of free space. All of our presented designs can in principle 
be recorded in the perpendicular thin films by utilizing the presently available data 
storage technology. The idea of recording the described designs has the important 
advantages of using the Principle of Amperean Current Doubling that we will describe 
for improving the magnetic performance of the structures in infinite thin magnetic films, 
while altogether avoiding lithographic fabrication. 
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Zero Magnitude Minima Structures 
In Figure 1 we show the simplest examples of planar magnetic structures that 
provide out of plane local magnetic field magnitude minima of value zero. The principles 
of these designs are not novel, as they have been previously described in both current 
carrying conductor [9] and permanent magnet forms [25-26]. We show them for 
completeness, as well as to describe single non-crossing planar conductor designs that 
might be useful in practical situations where the simplicity of single layer lithographic 
fabrication is desired. A simple thin permanent magnet circular disk magnetized 
perpendicular to the plane of the disk (out of the page) is shown in Figure 1a, with the 
arrows showing the equivalent Amperean pseudo-currents. This structure requires a 
uniform external bias magnetic field oriented opposite to the magnetization of the disk in 
order to produce an out of plane magnetic field magnitude minimum of zero value. 
Figure 1b shows the single conductor current-carrying design that is equivalent to the 
permanent magnet structure of Figure 1a. 
A self-biased zero value local magnetic field minimum permanent magnet 
structure is shown in Figure 1c. The magnetic material is again magnetized perpendicular 
to the plane, and the Amperean pseudo-currents of the structure are indicated by the 
arrows. Figure 1d shows the single non-crossing planar current carrying conductor 
equivalent of the structure shown in Figure 1c. The magnetic fields from adjacent straight 
wire segments of the device are approximately cancelled in the out of plane minima 
region of interest, as the currents in those straight sections flow in the opposite directions. 
The single non-crossing conductor design we show simplifies the complexity of the 
device, but has the limitation of being able to apply only equal current throughout the 
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entire device. The optimum arrangement would be a structure with two unequal currents 
flowing in the opposite directions [9], but such a design requires multiple conductors, 
multiple current sources, and multiple lithographic fabrication steps. Simple analysis 
shows that our single non-crossing conductor design is optimized for the maximum trap 
depth when the outer diameter is 2.2 times the inner diameter, as in the structure shown in 
Figure 1d. 
 
Biased Non-Zero Magnitude Minima Structures 
Designs that produce local non-zero magnetic field magnitude minima are of 
special interest as they provide improved performance in neutral atom trapping [6,9], and 
provide the opportunity for local magnetic resonance spectroscopy and imaging 
[21,22,27,28]. We present a couple of simple designs, while noting that our example 
structures are chosen for their simplicity and the ability to obtain single planar non-
crossing conductor analogues that achieve the desired magnetic field properties. Our 
designs are by no means exhaustive, and as suggested by Wing [5]: “No doubt ingenuity 
will reveal a number of other interesting geometries as well.” 
Figure 2a shows perhaps the simplest permanent magnet design with the 
Amperean pseudo-currents indicated. For example, for inner radius being 40 nanometers, 
outer radius 60 nanometers, the structure creates a local magnetic field magnitude 
minimum centered on the z-axis, and 55nm above the plane with a magnetic field 
magnitude minimum value of 19 Gauss. In order to create the local magnetic field 
magnitude minimum above the plane, a uniform external bias magnetic field of 100 
Gauss in direction opposite to the magnetization orientation is required. The single non-
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crossing conductor equivalent design is shown in Figure 2b. Again, the magnetic fields 
from adjacent straight wire segments of the device are approximately cancelled in the out 
of plane minima region of interest, as the currents in those straight sections flow in the 
opposite directions. As in the permanent magnet case, a uniform external bias field is 
required to generate a local magnetic field magnitude minimum. 
Figure 2c shows another permanent magnet design, initially introduced as an MRI 
“Lens” [22]. Briefly, a local non-zero magnetic field magnitude minimum point above 
the structure can be used as a ‘focus’ spot where potentially only a single spin would be 
magnetically resonant and therefore detected. The structure creates a local magnetic field 
magnitude minimum with a value of 99.5 Gauss, with a required external uniform bias 
field of 650 Gauss in direction opposite to the magnetization direction. The location of 
the minimum is at z=24nm above the surface. In addition to the permanent magnet case, 
we show in Figure 2d the equivalent planar non-crossing single conductor design. It 
achieves the same magnetic field patterns in free space as long as the required uniform 
external bias magnetic field is applied. 
In Figure 3 we show two examples of the nanofabricated structures (designs of 
Figure 1d and Figure 2d) using standard single layer electron beam nanolithography. The 
fabrication procedure included: a) spin coating of single layer electron beam resist on top 
of an insulator on silicon substrate, b) beam exposure in the Leica EBPG 5000+ electron 
beam lithography system, c) thermal evaporation of 10nm Chromium and 30nm of Gold, 
and d) lift-off revealing the final non-crossing single 100nm line-width conductor 
structures shown in Figure 3. 
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Self-Biased Non-Zero Magnitude Minima Structures 
 Structures that do not require an external magnetic field and produce local non-
zero magnetic field magnitude minima above the plane would be of interest in both 
neutral atom trapping and magnetic resonance spectroscopy and imaging applications. 
Such structures would potentially benefit from the simplification of the experimental 
arrangement by removing the uniform external magnetic field, as well as from avoiding 
the potentially detrimental effects and interactions of that external field with other 
components of the experiment. We present the two simplest permanent magnet structures 
that we found for which there are planar single non-crossing conductor equivalents.  
Figure 4a is a modification of the design of Figure 2c where the outer effective 
Amperian pseudo-current provides the required bias field, although not a uniform one. 
With the outermost radius of 150nm, the structure has a local magnetic field magnitude 
minimum with value of 75 Gauss centered on z-axis at z=28nm. The stated dimensions 
give the highest value of the magnetic field magnitude minimum. Smaller outermost 
diameter values result in the creation of saddle points instead of localized true minima. 
This structure has a planar single non-crossing conductor equivalent, shown in Figure 4b.  
The second self-biased structure with better performance with respect to the 
magnetic field magnitude minimum value and its location above the plane, as well as the 
amount of magnetic material required is shown in Figure 5a. For the innermost radius of 
40nm, middle radius of 60nm, and outermost radius of 220nm, the structure has a local 
magnetic field magnitude minimum of 120 Gauss at z=66.5nm. This structure also has a 
planar single non-crossing conductor equivalent shown in Figure 5b. In Figure 6 we again 
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demonstrate the single layer electron beam nanofabrication of the proposed designs of 
Figure 4b and Figure 5b, respectively. 
 
Principle of Amperean Current Doubling 
Inspection of Equation 1 reveals that the choices of magnetic materials used in the 
construction of the presented designs as well as scaling by nanofabrication could be 
utilized to enhance the performance of the devices. By enhancement, we generally mean 
the increase of the values of the magnetic field magnitudes, magnetic field gradients, and 
magnetic field curvatures in the region of the local magnetic field minima above the 
plane of the structure. Such enhancements would provide tighter confining potentials in 
neutral atom trapping applications [6,9], and higher spin polarization, higher nuclear 
magnetic resonance precession frequency, and higher spatial resolution in magnetic 
resonance spectroscopy and imaging [22]. While it is difficult to achieve saturation 
magnetization of thin perpendicular anisotropy magnetic films above our simulation 
value of 2 Tesla, we present here a technique we term the Principle of Amperean Current 
Doubling that can be used to double the magnetic field parameters of interest in structures 
recorded in infinite thin magnetic films.  
The Principle of Amperean Current Doubling is described through Figure 7. As a 
representative design, we show the structure of Figure 2c, although we emphasize that the 
present argument is valid for all the structures presented in this article. In Figure 7a the 
thin permanent magnet film is magnetized perpendicular to the plane of the film (out of 
the page) and the equivalent Amperean pseudo-currents of the magnetic structure are 
shown as arrows on the boundaries of the structure. As a reminder, a uniform external 
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bias field in direction opposite to the magnetization direction of the thin film (into the 
page) is required to produce a magnetic field magnitude minimum above the plane of the 
film. In Figure 7b we show an infinite magnetic thin film structure that has the same 
equivalent Amperean pseudo-currents as the structure of Figure 7a and therefore 
produces the same magnetic fields, the same magnetic field gradients, and the same 
magnetic field curvatures as the structure of Figure 7a. In the case of this second 
structure, the infinite thin film with perpendicular magnetic anisotropy is magnetized into 
the page. Interestingly, this structure requires the same uniform external bias magnetic 
field in order to produce the magnetic field magnitude minimum out of the plane of the 
film, and therefore the uniform external bias magnetic field is along the same direction as 
the magnetization direction of the thin film (into the page). 
The structures of Figure 7a and Figure 7b are therefore exactly equivalent in 
terms of the magnetic fields they produce with the interesting caveat that they are the 
exact spatial negatives of one another. This is important, as it means that they can be 
added to form a single composite structure, shown in Figure 7c, in which their effective 
Amperean pseudo-currents add so that the total effective current is doubled, as indicated 
by the larger arrows on the magnetic transitions of the infinite thin film structure. 
Therefore the values of the magnetic fields, magnetic field gradients, and magnetic 
curvatures of the structure shown in Figure 7c are doubled as compared to the structure 
shown in Figure 2c. The location of the local magnetic field minimum remains at the 
same location of z=24nm, but the value of the field magnitude at the local minimum is 
doubled to 199 Gauss, and the gradients and field curvatures are also doubled. It is 
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important to mention that the required external uniform bias field also has to be doubled 
to 1,300 Gauss in order to create this local non-zero minimum.  
This Principle of Amperean Current Doubling might have important 
consequences, for example, in the use of this structure as a potential MRI ‘Lens’ [22] 
where the doubling of the field will provide the doubling of the nuclear spin polarization 
as well as the doubling of the nuclear spin magnetic resonance precession frequency, both 
of which are advantageous and would in principle result in quadrupling of the signal to 
noise ratio in inductive detection of nuclear magnetic resonance. The effect of current 
doubling on the magnetic field gradients and curvatures at the local non-zero minimum 
would also result in improvement of the spatial imaging resolution of such a ‘Lens’, as 
well as in the increase of forces on resonant spins for the case of force detected magnetic 
resonance [22]. 
 
Recorded Square Form Factor Designs 
Although magneto-optical data storage technology has already been utilized for 
recording of simple atom trapping structures with zero value local minima [25,26] that 
we showed in Figure 1, we here explore the ultimate miniaturization possibilities with 
respect to all of the structures we described. We present the case that recording of 
perpendicular anisotropy thin magnetic films using presently available data storage 
technology can provide the ultimate miniaturization of our presented designs. We believe 
that with such technology it is possible to: a) experimentally implement the idea of 
Amperean Current Doubling, b) achieve nanometer precision recording of the described 
designs in a square form factor, c) record the presented designs with nanometer resolution 
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over large (centimeter scale) areas in a reasonable time, and d) avoid altogether 
potentially expensive lithographic fabrication of the presented designs.  
Presently available information data storage technology has already been 
successfully utilized in writing of various magnetic patterns of relevance to magnetic 
recording science using Scanning Magneto-Resistance Microscopy [29-31]. The 
attractive feature of this technique is that magnetic patterns of nanometer positioning 
precision can be recorded with an inductive write element, and then read-back with a 
magneto-resistive read element in a raster scanning fashion in order to produce an image 
of the recorded pattern [32-38]. The technique has been extended to high-speed recording 
and imaging of patterns in thin magnetic film media of both longitudinal and 
perpendicular form over large-scale areas [39-45] using a well-established magnetic 
recording test and evaluation instrument called ‘Spinstand’ [46].  
By recording our presented designs in infinite perpendicular thin film magnetic 
media using such techniques, the desirable goals of miniaturization and Amperean 
Current Doubling would be accomplished on optically smooth large-scale areas while 
altogether avoiding lithographic nanofabrication. The only limitation of these recording 
methods is that the magnetic patterns are of a square form factor, although this is in no 
way prohibitive with respect to the arguments presented in this article. For example, our 
numerical modeling shows that recording of the patterns shown in Figure 8a and 8b 
(square form factor versions of circular designs shown in Figure 4a and 5a, respectively) 
would result in successful creation of out-of-plane self-biased non-zero value local 
magnetic field magnitude minima of similar parameter values as achieved with circular 
designs. Such patterns of sub-micron overall dimensions could be recorded with 
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nanometer scale precision (if needed over large spatial areas) based on the experimentally 
demonstrated published reports [32-45] and specifications of the state-of-the-art 
Spinstand products [46]. 
Conclusion 
 In summary, we have presented various perpendicular anisotropy magnetic thin 
film and planar non-crossing current carrying conductor designs that create local point 
minima of the magnetic field magnitudes above the plane of the structures. We 
demonstrated electron beam defined nanofabrication of some of the planar conductor 
designs. With further advances in nanolithography, thin film magnetism, and magnetic 
recording and sensing technologies, these proposed structures may provide the ultimate 
confinement potentials and “focusing” regions desired in atom trapping and magnetic 
resonance microscopy applications. 
 
Acknowlegment 
This material is based upon work supported by the National Science Foundation 
under the NSF-CAREER Award Grant No. 0349319 and NSF-ECS Award Grant No. 
0622228, as well as the California State University Long Beach Scholarly and Creative 
Activities Award (SCAC). 
 
 
 
 
 
 12
References 
1. S. Earnshaw, Trans. Camb. Phil. Soc. 7, 97 (1842). 
2. W. Thomson (Lord Kelvin), Reprint of Papers on Electrostatics and Magnetism 
(Macmillan, London, 1872), Vol. XXXIII, pp. 493-499 and Vol. XXXIV, pp. 
514-515.  
3. N. A. Krall and A. W. Trivelpiece, Principles of Plasma Physics, McGraw-Hill, 
New York (1973). 
4. Y. V. Gott, M. S. Ioffe, and V. G. Tel’kovskii, Nucl. Fusion, 1962 Suppl., Pt. 3, 
1045 (1962). 
5. W. Wing, Prog. Quantum Electron. 8, 181 (1984). 
6. T. Bergman, G. Erez, and H. J. Metcalf, Phys. Rev. A 35, 1535 (1987). 
7. W. Ketterle and D. E. Pritchard, Appl. Phys. B 54, 403 (1992). 
8. J. J. Tollett, C. C. Bradley, C. A. Sackett, and R. G. Hulet, Phys. Rev. A 51, R22 
(1995). 
9. J. D. Weinstein and K. G. Libbrecht, Phys. Rev. A 52, 4004 (1995). 
10. S. Gov, S. Shtrikman, and H. Thomas, J. Appl. Phys. 87, 3989 (2000). 
11. C. A. Sackett, Phys. Rev. A 73, 013626 (2006). 
12. R. Gerritsma and R. J. C. Spreeuw, Phys. Rev. A 74, 043405 (2006). 
13. W. Braunbek, Z. Phys. 112, 753 (1939). 
14. W. Braunbek, Z. Phys. 112, 764 (1939). 
15. V. Arkadiev, Nature (London) 160, 330 (1947). 
16. A. H. Boerdijk, Philips Res. Rep. 11, 45 (1956). 
17. A. H. Boerdijk, Philips Tech. Rev. 18, 125 (1956/57). 
 13
18. M. V. Berry and A. K. Geim, Eur. J. Phys. 18, 307 (1997). 
19. M. D. Simon, L. O. Heflinger, and A. K. Geim, Am. J. Phys. 69, 702 (2001). 
20. A. K. Geim, M. D. Simon, M. I. Boamfa, and L. O. Heflinger, Nature (London) 
400, 323 (1999). 
21. C. L. Epstein, Inverse Problems 20, 753 (2004). 
22. M. Barbic and A. Scherer, Nano Lett. 5, 787 (2005). 
23. K. Halbach, J. Appl. Phys. 57, 3605 (1985). 
24. R. P. Feynman, R. B. Leighton, and M. Sands, The Feynman Lectures on Physics: 
Volume II, Chapter 36, Addison-Wesley, Reading MA (1989). 
25. A. Jaakkola, A. Shevchenko, K. Lindfors, M. Hautakorpi, E. Il’yashenko, T. H. 
Johansen, and M. Kaivola, Eur. Phys. J. D 35, 81 (2005). 
26. A. Shevchenko, M. Heilio, T. Lindvall, A. Jaakkola, I. Tittonen, and M. Kaivola, 
Phys. Rev. A 73, 051401(R) (2006). 
27. R. Damadian, L. Minkoff, M. Goldsmith, M. Stanford and J. Koutcher, Science 
194, 1430 (1976). 
28. W. S. Hinshaw, J. Appl. Phys. 47, 3709 (1976). 
29. S. Y. Yamamoto and S. Schultz, Appl. Phys. Lett. 69, 3263 (1996). 
30. S. Y. Yamamoto, S. Schultz, Y. Zhang, and H. N. Bertram, IEEE Trans. Magn. 
33, 891 (1997). 
31. S. Y. Yamamoto and S. Schultz, J. Appl. Phys. 81, 4696 (1997). 
32. M. Todorovic, S. Schultz, J. Wong, and A. Scherer, Appl. Phys. Lett. 74, 2516 
(1999). 
 14
33. J. Lohau, A. Moser, C. T. Rettner, M. E. Best, and B. D. Terris, Appl. Phys. Lett. 
78, 990 (2001). 
34. M. Barbic, S. Schultz, J. Wong, and A. Scherer, IEEE Trans. Magn. 37, 1657 
(2001). 
35. J. Lohau, A. Moser, C. T. Rettner, M. E. Best, and B. D. Terris, IEEE Trans. 
Magn. 37, 1652 (2001). 
36. T. D. Leonhardt, R. J. M. van de Veerdonk, P. A. A. van der Heijden, T. W. 
Clinton, and T. M. Crawford, IEEE Trans. Magn. 37, 1580 (2001). 
37. M. Albrecht, A. Moser, C. T. Rettner, S. Anders, T. Thomson, and B. D. Terris, 
Appl. Phys. Lett. 80, 3409 (2002). 
38. C. T. Rettner, S. Anders, T. Thomson, M. Albrecht, Y. Ikeda, M. E. Best, and B. 
D. Terris, IEEE Trans. Magn. 38, 1725 (2002). 
39. I. D. Mayergoyz, C. Serpico, C. Krafft, and C. Tse, J. Appl. Phys. 87, 6824 
(2000). 
40. I. D. Mayergoyz, C. Tse, C. Krafft, and, R. D. Gomez, J. Appl. Phys. 89, 6772 
(2001). 
41. C. Tse, I. D. Mayergoyz, D. I. Mircea, and C. Krafft, J. Appl. Phys. 93, 6578 
(2003). 
42. C. Tseng, I. D. Mayergoyz, C. Tse, P. McAvoy, and C. Krafft, J. Appl. Phys. 97, 
10R301 (2005). 
43. C. Tse, C. Tseng, P. McAvoy, I. D. Mayergoyz, and C. Krafft, J. Appl. Phys. 97, 
10P104 (2005). 
44. Y. Zhou, J. G. Zhu, Y. S. Tang, and L. Guan, J. Appl. Phys. 97, 10N903 (2005). 
 15
45. A. S. Chekanov, E. N. Abarra, and G. Choe, IEEE Trans. Magn. 42, 2345 (2006). 
46. Guzik Spinstand V2002 from Guzik Technical Enterprises, Mountain View, CA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 16
Figure Captions 
Fig. 1. a) A thin magnetic circular disk magnetized perpendicular to the plane and a 
uniform external bias magnetic field oriented opposite to the magnetization produce an 
out of plane magnetic field magnitude minimum of zero value. The arrows show the 
equivalent Amperean pseudo-currents. b) Single conductor current-carrying design that is 
equivalent to the permanent magnet structure of a). c) A self-biased zero value local 
magnetic field minimum permanent magnet structure. The magnetic material is 
magnetized perpendicular to the plane, with the Amperean pseudo-currents of the 
structure indicated by the arrows. d) Single non-crossing planar current carrying 
conductor equivalent of the structure shown in c). 
Fig. 2. a) A thin permanent magnet structure that produces an out of plane magnetic field 
magnitude point minimum of non-zero value. External uniform bias field opposite to the 
magnetization direction is required. The arrows show the equivalent Amperean pseudo-
currents. b) Single conductor current-carrying design that is equivalent to the permanent 
magnet structure of a). c) Another non-zero value local magnetic field minimum 
permanent magnet structure producing higher value of the magnitude point minimum. 
The structure also requires a uniform external bias magnetic field. The Amperean 
pseudo-currents of the structure are indicated by the arrows. d) Single non-crossing 
planar current carrying conductor equivalent of the structure shown in c). 
Fig. 3. Two examples of the fabricated 100nm line width single planar non-crossing 
conductor structures (designs from Figure 1d and Figure 2d) using standard single layer 
electron beam nanolithography. 
 
 17
Fig. 4. a) Self-biased perpendicular anisotropy magnetic thin film design producing local 
non-zero magnetic field magnitude point minimum above the plane of the structure. b) 
Planar single non-crossing conductor equivalent of the structure shown in a). 
Fig. 5. a) The second self-biased perpendicular anisotropy magnetic thin film design 
producing local non-zero magnetic field magnitude point minimum above the plane of 
the structure. This structure has a larger magnetic field magnitude minimum value and its 
location above the plane is higher than the structure shown in Figure 4a. b) Planar single 
non-crossing conductor equivalent of the structure shown in a). 
Fig. 6. Examples of the fabricated 100nm line width single planar non-crossing conductor 
structures (designs from Figure 4b and Figure 5b) using standard single layer electron 
beam nanolithography. 
Fig. 7. The principle of Amperean current doubling in thin perpendicular anisotropy 
magnetic film structures. a) The design of Figure 2c with magnetization out of the page 
and its equivalent Amperean pseudo-currents indicated with arrows. b) Infinite thin film 
structure magnetized into the page has the same equivalent Amperean pseudo-currents as 
the structure shown in a) and therefore produces the same magnetic fields. Being exact 
spatial negatives of one another, the structures of a) and b) can be added to form a single 
composite structure, shown in Figure 7c, in which the total effective Amperean pseudo-
currents are doubled. 
 
 
 
 18
 19
Fig. 8. Square form factor version of the circular designs of Figures 4a and 5a, 
respectively, that can be achieved through recording of infinite perpendicular anisotropy 
thin magnetic films using data storage technology. For example, the black regions are 
recorded magnetized into the page, while the rest of the infinite thin film is magnetized 
out of the page. This would provide for Amperean current doubling and nanometer 
precision in recording on optically smooth large-scale areas, while avoiding lithographic 
fabrication. These self-biased square form factor structures produce out-of-plane non-
zero value local magnetic field magnitude point minima of similar parameter values as 
achieved with circular designs of Figure 4a and 5a. 
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